The effects of thermoelastic and piezoelectric strain of an active polymer matrix on a Ni nanowire are studied at the nanoscale by measuring the inverse magnetostriction of singlecontacted Ni nanowires. The reorientation of the magnetization is measured by anisotropic magnetoresitance. In the absence of strain, the Ni nanowire shows a typical uniform rotation of the magnetization as a function of the external field. In the case of piezoelectric or thermoelelastic strain occurring in the polymer matrix, the hysteresis loop is strongly modified due to the inverse magnetostriction of Ni. It is shown that the ferromagnetic nanowire plays then the role of a mechanical probe that allows the effects of the mechanical strain to be characterized and described qualitatively and quantitatively. Moreover the stress exerted by the polycarbonate matrix on the nanowire is found to be isotropic while the one produced by the PVDF matrix is anisotropic.
Introduction
The physical properties of nanostructured composites are the object of intense investigations for the fabrication of smart materials, nano-sensors and other electronic devices. [1] [2] [3] [4] [5] In this context, magnetic materials are especially interesting not only for their response to a magnetic field, but also for their sensibility to mechanical forces. In particular, the possibility of controlling the magnetization with piezoelectric means (especially through the so called inverse magnetostriction effect) is a promising technique for data storage and data processing applications [6] [7] [8] [9] [10] . On the other hand, the nanotechnology approach based ion-track shaping of polymer templates has proven to be very efficient for investigating the physical properties of magnetic nanostructures [11] [12] [13] [14] [15] [16] [17] . A systematic study of the physical properties of singlecontacted magnetic nanowires embedded in an active thermoelastic and piezoelectric polymer matrix is reported. It is shown that a nanowire (NW) embedded in a matrix plays the role of a nanoscopic probe, which is sensitive to the amplitude and the direction of the mechanical stress.
Since the first magnetic measurements performed on arrays of magnetic NWs embedded in a polycarbonate matrix, a significant change of the magnetization at saturation M s has been observed as a function of temperature, well below the Curie temperature [18] . Such a phenomenon was attributed to the thermal expansion of the matrix inducing a significant pressure on the NW [19] [20] [21] [22] . As magnetostrictive properties are inherent to nickel (Ni) materials, a mechanical stress on Ni crystallites provokes a change of the magnetization states (inverse magnetostriction effect) leading eventually to a change of the magnetization M. The amplitude of this effect was however about ten times larger than expected, and further experiments are necessary in order to disentangle the role played by the matrix from that played by the NWs. Note that all these measurements were performed at the macroscopic scales, in a matrix composed of about 10 5 NWs. The aim of the present work is to better understand the magnetostriction very locally analysing the magnetic properties of a single Ni NW under mechanical stress.
The study presented in this report is performed on single contacted Ni NWs that are grown by electrodeposition in a track-etched piezoelectric (PVDF) and non-piezoelectric (amorphous polycarbonate: PC) polymer membrane used as a matrix. The track-etched PC and PVDF matrices are high density nanoporous membranes (10 9 pores.cm -2 ) with a diameter of the NW of about 70 nm ( fig. 1 ).
The anisotropic magnetoresistance (AMR) properties of single contacted NWs are exploited in order to measure the magnetization states as a function of i) the amplitude and angle of the applied magnetic field, and ii) the mechanical stress actuated by the matrix. Technical details mainly related to the device fabrication are presented in the Materials and methods' section.
The analysis of the magnetization states and the experimental protocol is presented in Section I. In Section II, the determination of the reference states without mechanical stress of the magnetization is performed. The thermo-elastic properties of the PC and PVDF matrices are then studied in Section III, and the response of the magnetization to the thermo-elastic excitation is investigated in Section IV. For the measurements of the response to the piezoelectric stress, an interdigitated mask has been especially designed to separate zones of NW contact for AMR measurements (sub-micron scales) and zones where voltage is applied to the PVDF matrix (tens of microns). The piezoelectric properties of the track-etched PVDF matrix are studied in Section V, while the response of the magnetization to the piezoelectric excitation is investigated in Section VI. The conclusion of this work is that a single Ni NW can be used as a probe in order to measure the amplitude and direction of a mechanical stress exerted at the nano-scale.
Materials and methods
Materials: Bi-stretched and polarized PVDF films were purchased from two different providers 
I. Magnetic characterization based on anisotropic magnetoresistance (AMR) properties
Thanks to the magnetoresistance properties, it is possible to access to the magnetization states of a nano-magnet via voltage measurements, with unprecedented sensitivity [12] [13] [14] [15] [16] [17] [18] [19] . The relation that links the resistance to the magnetization vector M is given by the formula R(M) = R min + R cos 2 [ (M)] where  is the angle between the magnetization M and the direction of the electric current density J, R is the maximum resistance variation due to AMR and R min is the minimum resistance, that corresponds to the magnetization perpendicular to wire axis [20, 21] . Due to the high aspect ratio in the nanowires (7/1000), the electric current density J inside the metal is constant and homogeneous along the wire axis in the direction J = J 0 e z where J 0 is constant (galvanostatic mode).
On the other hand, the nanoscopic size of the sample leads to a uniform magnetization: M = M s e r where M s is the saturation magnetization of Ni and e r is a radial unit vector [11] .
As a consequence the radial angle defines the projection of the magnetization along the wire axis M z = M s cos(and the simple quadratic relation R(M) = R min + R (M z /M s ) 2 links the resistance and the magnetization states. Furthermore, in the following study, the Ni NW is composed of randomly oriented nanocrystallites of about 10nm, so that the magnetocrystalline anisotropy is averaged to zero. The anisotropy is only due to the shape anisotropy (i.e., it is due to the so-called "demagnetizing field", or dipolar field). The corresponding energy is E d = -H d .M where the shape anisotropy field is defined with the help of the anisotropy tensor N by H d = -N M. In the case of quasi-infinite cylinders (high aspect ratio), the shape anisotropy field for the Ni NWs is oriented along the wire axis H d =H d e z and N=2M s . We have H d ≈3kOe.
A -Let us first ignore the inverse magnetostriction effect (i.e., the mechanical stress exerted by the matrix on the NW is neglected in a first approach). The magnetization states are then defined by the external field and by the shape anisotropy only. In that case, the energy is defined by the two corresponding terms, the Zeeman coupling E Z = -M.H and the shape
where  H is the angle between the applied field and the NW axis. The quasi-static states of the magnetization are defined by the minima of E 0 (. Due to the cylindrical symmetry, all planes  defined by both the wire axis e z and the external fields H are equivalent (the configuration space is reduced to the single variable . The quasi-static states of the magnetization are given by dE 0 /d  = 0 and d 2 E 0 /d 2  ≤ 0 (see reference [11] for detailed analysis). Note that the physical signification of this quasi-static condition is that the magnetization has to find the position in its configuration space, such that the effective field vanishes: H eff = -grad E 0 = H + H d = 0 (where the operator gradient is defined on the magnetic configuration space). This On the other hand, the contribution of the inverse magnetostriction to the energy is given by [23, 24] :
where  s is the saturation magnetostriction coefficient, s is the stress and a is the angle between the magnetization and the stress direction. The magnetostriction field H ms can be defined by the relation H ms = E ms /M s and H ms is defined by the amplitude H ms and the coordinates ( ms,  ms ). The angle avaries with the position of the magnetization (see Figure 1 ). Since we have M.H ms = cosa, the angle a is expressed by the relation: a = Arcos{sin ms cos  ms sin cos + sin ms sin ms sin sin + cos ms cos}.
Note that if we assume = ms =0, a=  ms - (the latter point anticipating further discussion in section IV). to the other branch can be observed in Fig. 2 . In the following, we will however focus on the reversible part of the hysteresis only, i.e., on the envelope of the curve R/R(H). The characterisation shown in Fig. 2 constitutes our reference curve for E ms = 0.
III. Thermo-mechanical effects: comparison between PC and PVDF matrices
In order to compare the dilation effect of PC and PVDF polymers, the thermal expansion and the coefficient of thermal expansion (T ref 290K) of each polymer films of same thickness have been measured independently.
The piezoelectric thermal expansion of the PVDF film is depicted in Fig. 3 The thermal coefficients at reference temperature of 20°C for PVDF and PC are found equal to 9.99 10 -5 K -1 and 9.45 10 -6 K -1 respectively. That means one order of magnitude difference between the two polymer bulks. One could thus expect a more dramatic effect of membrane dilation with -PVDF on the magnetoresistance measurement of embedded magnetic NWs than PC.
The chosen -PVDF for this study is a semi-crystalline polymer (crystallinity rate around 40%). To confer piezoelectric property, a-PVDF thin films have been stretched twice in the x and y directions (surface plane). Under stretching, the initial spherolites, initially present in aphase and made of successive layers of crystalline lamella and amorphous zones ( Fig. 4) , change into ellipsoids, then are destroyed and macromolecular chains re-crystallize in  phase. The stretching alternatively creates amorphous and crystalline zones leading to fibrillar morphology. 
IV. Response of the magnetization to thermo-mechanical stress

Dubois et al. have measured by XRD the change of the lattice parameters for Ni crystallites
inside the NWs embedded in a PC matrix under stress due to temperature variation [20] . The change of the lattice parameters provokes in turn a change of the magnetization states due to the contribution of the magnetostriction energy.
In our experimental protocol, the magnetostriction is deduced from the change of the magnetization states with respect to the reference state described in Section II. The thermomechanical origin of the observed variation is checked by measuring the heating effect following two sources of heat: i) the heat is produced by a constant coil heater glued to the membrane (the maximum power injected is of the order of one Watt) and ii) the heat is produced by Joule effect by injecting a current of the order of 1 mA inside the NW (the maximum power is of the order of 0.1 Watt). In both cases, the temperature is brought to the measured NW's resistance.
In the case ii), the heating is confined inside the NW and in the metallic contacts and electric wires, and we do not observe significant variations of the AMR profile in the temperature range investigated (maximum variations of T ≈10K). In contrast, the variation observed in i) when heating the matrix only -using the coil heater -is dramatic. The comparison guarantees that the variation observed is uniquely due to the thermal expansion of the matrix, and not from other variations due to the temperature. reached: this means that the magnetization does no longer align along the wires axis (maximum AMR) at any external field applied in the plane of the matrix. The variation on the anisotropy can be observed for both PC (Fig. 6a ) and PVDF (Fig. 6b ) matrices. The variations are of the order of 50% of the anisotropy field. This variation is attributed to the thermoelastic stress exerted by the matrix on the NW, and the corresponding magnetostrictive response of the Ni NW. Indeed, no effect is observed with NiFe NWs, for which the magnetostriction is known to be negligible [19] [20] [21] [22] . Three curves are plotted in Fig. 6a : at room temperature (290K), at 292K, and at 295K, and then back to room temperature in order to check that the effect is only due to the elastic deformation.
Figure 6: Anisotropic magnetoresistance (AMR) of Ni NW as a function of the magnetic field (at 90°), for different temperature. For convenience, the resistance has been corrected by the thermal variation
R(T) = R(290K)-R(T). (top) Ni NW in PC matrix and (down) Ni NW in -PVDF matrix. Line curves are calculated from the energy equation (1) adding a supplementary term of magnetostriction (equation 3).
The comparison between the two matrices shows that the variations are not similar using PC or PVDF track-etched matrix to embed the magnetic NW. In the first case, the variation is only due to a reduction of the anisotropyi.e., the width of the curve -. While in the case of PVDF, both the amplitude and the width are affected. This observation can be firstly attributed to the difference of the thermal expansion coefficients between the two polymers. A key of understanding is the tremendous variation of the amplitude of the AMR in the case of PVDF. It means that the magnetization can no longer be aligned along the wire axis and keeps a non-zero angle  at zero external magnetic field. It should correspond to a supplementary field contribution out of the plane defined by the wire axis and the external field that breaks to cylindrical symmetry (the contribution is out of the plane . This contribution is attributed to a magnetostriction induced by the thermo-elastic stress. This hypothesis is verified with calculation of the minima of the total energy, including the magnetostriction contribution Eq.
3. The results are summarized in Fig. 7 . Curve fitted parameters are summarized in the table of Fig. 8 . A privileged angle  ms was found equal to 72°±3 from the Ni NW axis. The amplitude of the inverse magnetostriction H ms varies linearly with the temperature, as expected according to the linear variation observed in Fig. 3 for the thermal expansion coefficient of -PVDF and PC. In order to complete the characterization of the thermo-mechanical stress effect on the Ni NW magnetostriction in -PVDF, the AMR measurements have been performed keeping the magnetic field angle to the NW axis fixed and changing the angle a (rotation around the wire axis). The results are summarized in figure 9 . The angle between H and H ms is imposed by the stress orientation. [26] The magnetostrictive field H ms interaction with the external magnetic field H is responsible for the disappearance of the AMR signal for a variation of the order of Figure 9 . Table summarizes fitted results of the experimental data of AMR of Ni NW embedded in a-PVDF matrix as a function of the magnetic field (at  H = 78°) for temperatures variation T=5K. R H0 is fixed at 0.33±0.03 from reference curve on the same sample at room temperature (290K),  H equal to 0 (reference angle). The magnetostriction angle  ms has been found equal to 72.5±2.5° and inverse magnetostriction field H ms is deduced from the Eq. 5. The scheme on the left offers a better understanding of vectors' orientation.
The PVDF stress field s PVDF can be expressed from linear elastic theory as  s   E (Hooke's law) whereis the -PVDF Young modulus (E PVDF =2-6 GPa) and  the strain which is here the thermal expansion deformation. From Fig. 3 , the thermal expansion coefficient of the chosen -PVDF membrane is given by the slope and found equal to 10 -4 K -1 resulting in s PVDF / = 2-6.10 5 Pa.K -1 . The magnetostrictive field, done by Eq. 5, can be reduced to: 
It means that the induced stress field in the Ni NW per Kelvin is 1000 time higher than the initial stress field provoked by the PVDF thermal expansion. Elasticity theory, which is a continuum theory that necessarily averages over macroscopic regions, has been found applicable for the calculation of the lattice strain in structures with nanoscopic dimensions. [27, 28] Consequently, we suppose continuous lattice displacement at the interfaces. The increase of stress in the interface metal-polymer should mainly due to Young's modulii difference.
The tensile strength in Ni is 230 GPa meaning two orders of magnitude in comparison to PVDF or PC. The resulting strain variation per Kelvin of a Ni NW is roughly 20.10 -4 K -1 . In comparison to research work on electromechanical stress applied to an array of Ni NWs in a PVDF matrix [22, 29] , the strain is found here higher by a factor 5-10.
Two assumptions can be proposed. Firstly, the stress concentration effect should not be considered using linear elastic theory but should be expressed as anisotropic non-linear stressstrain law. [30] Secondly, only very few contacted NWs are measured and, in that particular case, the magnetoelactic anisotropy energy becomes very high [29] enhancing the resulting stress.
The physical reason for that is that the elastic modulus of a nano-object is greatly enhanced in comparison to the bulk when the size becomes very small. From ref. [31] , this enhancement of Young's modulus is attributed to the surface tension S s :
where  is the Poisson's coefficient, E the Young's modulus of the bulk (real), L the length of the NW and D the diameter of the NW. The surface tension s S varies as function of the temperature [32] as follows:
where L s is the surface tension of the material at liquid temperature T L and The resulting strain variation per Kelvin of Ni NW is then lowered to 6.10 -4 K -1 .
In order to validate the importancy of magnetostrictive effect in a single Ni NW by a mechanical pressure, we have also study the same system under electrical bias using piezoelectric -PVDF membrane.
V) Piezoelectric properties of track-etched -PVDF membranes
However, before we go any further, let us not underestimate the depolarization effect of swift heavy ion bombardment through a PVDF thin film. [33] We have chosen a fluence of 10 9 ions.cm -2 to avoid being in depolarization conditions. In order to verify if the etching reaction may have also affected the piezoelectric properties of PVDF, piezoelectric constants of polymers (-PVDF and track-etched -PVDF) have been determined using an optical heterodyne interferometer to measure the deformation. The minimum detectable displacement is 10 -3 Å and the accuracy is 5%. For PVDF and track-etched PVDF, the method leads to a constant d 33 equal to -14 x 10 -l2 m/V and -13.6 x 10 -l2 m/V respectively.
In addition, dielectric measurements have been performed. The resulting piezoelectric track-etched -PVDF membrane serves as template for Ni growth by electroplating.
To contact a single Ni NW and to apply the voltage to the piezoelectric nanoporous PVDF membrane without creating short-cuts, different conductive zones have been defined at the micron scale. A mask pattern for lithography has thus been designed with 50 lines in series to grow by electrodeposition and contact the electrodeposited Ni NW. These lines are surrounded by larger ones, namely the capacitances, on which the voltage is applied (Fig. 11 ).
FESEM allows a full characterization of the resulting device. The gap d between lines and capacitances has to be in the range of 10 µm to operate the -PVDF plastic deformation on the NW. Indeed, the plastic deformation decreases exponentially from the capacitances edges to the contacted NW. Larger gaps would lead to insufficient pressure on the NW. The line width (L contact ) has to be of the same range than membrane thickness (around 10 µm) to minimize the electrostatic field screening the contacts.
Once the electrodeposited Ni NW creates an electrical contact between a golden line on one side of the piezoelectric track-etched PVDF membrane and the thin gold layer on the other side, the magnetoresistance of the single contacted NW is measured as a function of the magnetic field to characterize its magnetic configurations at room temperature under voltage ( Fig. 12 ).
VI. Response of the magnetization to piezoelectric effect
The effect of the mechanical strain applied by the plastic deformation of the piezoelectric PVDF membrane on the single Ni NW is shown in Fig.12 . The value R/R min (the AMR in %) is plotted as a function of the applied magnetic field with and without the application of electric field on the PVDF matrix. Due to the contribution of the resistance of the patterned lines shown in Fig. 11A , the total resistance R min is large and the ratio R/R min is of the order of 0.25% (instead of 1.5% in Fig. 2 ). Due to the small signal to noise ratio, each curve in the Fig. 12 is an average of five hysteresis cycles between -1.6 T to 1.6 T (-10 kOe to 10kOe). The modifications observed on the hysteresis loops are due to the inverse magnetostriction, and they allow a direct observation of the stress field s acting at the nanoscale on the wire.
The magnetoelastic response is investigated further by applying the Stoner-Wohlfarth model on the data with a supplementary magnetostrictive term [11 -15] .
The variation of the amplitude of the AMR signal due to the piezoelectric effect shows that the induced stress field in the Ni NW has the same orientation as in case of thermal expansion of the polymer matrix. The contribution of the magnetostriction is responsible for the variation of the amplitude of the AMR observed in Fig. 12 as it has been established by varying the temperature.
Conclusion
The response of the magnetization to a mechanical straini.e. the inverse magnetostriction effect -has been measured on single contacted nanowires embedded in PC and PVDF track- The magnetoelastic stress orientation induced in the Ni NW is thus directly related to the polymer matrix mechanical stress field. The stress concentration effect has been shown in Ni NW and may be attributed to magnetoelastic anisotropy energy increase due to single contacted NWs. Even though a reasonable set of experiments and modeling trials have been collected, there is still room for further finite-element stress-strain calculations to finally draw the complete image of the stress forces at the polymer-Ni interface.
